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ABSTRACT 
The Mariana region exhibits a rich array of hydrothermal venting conditions in a complex 
geological setting, which provides a natural laboratory to study the influence of local 
environmental conditions on microbial community structure as well large-scale patterns in 
microbial biogeography. We used high-throughput amplicon sequencing of the bacterial SSU 
rRNA gene from 22 microbial mats collected from four hydrothermally active locations along 
the Mariana Arc and back-arc to explore the structure of lithotrophically-based microbial mat 
communities in order to better assess the hypothesis that these communities represent hotspots 
of microbial diversity. The vent effluent was classified as iron- or sulfur-rich corresponding 
with two distinct community types, dominated by either Zetaproteobacteria or 
Epsilonproteobacteria, respectively. The Zetaproteobacterial-based communities had the 
highest richness and diversity, which supports the hypothesis that Zetaproteobacteria are 
ecosystem engineers. The Epsilonproteobacteria-dominated mats were less abundant and split 
into two groups based on the prevalence of the genera Sulfurovum/Sulfurimonas or 
Thioreductor/Lebetimonas, which oxidize or reduce sulfur compounds, respectively. In 
addition, we also compare two sampling techniques, showing that higher diversity in microbial 
mats is associated with bulk sampling compared to fine-scale sampling. Overall, we present a 
comprehensive analysis and new insights into community structure and diversity of the 
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INTRODUCTION 
Hydrothermal vent systems allow for investigations into the fundamentals of microbial 
ecology and biogeography as well as planetary processes such as global nutrient and carbon 
cycling (Dick et al., 2013; Nakagawa and Takai, 2008; Resing et al., 2015). The geochemistry 
of hydrothermal vents make them compelling and pragmatic systems for the study of early life 
on Earth or other potentially habitable zones such as Saturn’s moon, Enceladus (Martin et al., 
2008; McKay et al., 2008). The steep redox gradients and high concentration of reduced 
substrates (e.g., Fe(II), H2S, and H2) in hydrothermal vent habitats provide energetically 
favorable conditions that support luxuriant microbial mats with phylogenetically diverse 
lithoautotrophic microbes (Emerson and Moyer, 2010; Amend et al., 2011). Iron is the second 
most abundant metal in Earth’s crust (Kappler et al., 2016), and it represents a large and ancient 
energy source for iron-oxidizing bacteria (Planavsky et al., 2009). Early Earth may have been 
drastically modified by iron-oxidizing bacteria as they are thought to have been partially, if not 
fully, responsible for the global pattern of banded iron formations deposited during the 
Precambrian (Chan et al., 2016a; Konhauser et al., 2002). Therefore, recognizing and 
cataloguing the microbial biodiversity at extant hydrothermal vents is critical to gain a better 
understanding of current and ancient ecosystem functions and how the taxa present play a role 
in global geochemical processes (Gilbert et al., 2011). 
The hydrothermally active regions of the Mariana Arc and back-arc systems are formed 
by differential volcanic activity from the subduction and melting of the Pacific plate beneath 
the Philippine plate (Fryer, 1996; Kato et al., 2003; Turner et al., 2001). Unlike other 
hydrothermal systems, the geochemistry of the hydrothermal vent effluent (e.g., concentrations 
of reduced metals, H2, H2S, CO2, and NH4
+) across the Mariana region is relatively 
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heterogeneous due to the differences of the source magma generating an island arc and back-
arc (Fryer, 1996; Hawkesworth et al., 1993; Stern, 2002). For example, significantly different 
vent effluent is found at Urashima and Pika hydrothermal fields, which are located off-axis of 
the Mariana back-arc within 500 m of each other (Nakamura et al., 2013). This high variability 
in vent effluent geochemistry compounded over the expansive geographic area of the Mariana 
region harbors disparate habitats that offer the opportunity for niche differentiation, a wide 
range of metabolic potential, and diverse microbial communities (Davis and Moyer, 2008). 
Hydrothermal vent microbial community structure in the Mariana region was shown to 
be extremely diverse and has been split into three groups dominated either by 
Zetaproteobacteria, Epsilonproteobacteria, or putative heterotrophic phylotypes (Davis and 
Moyer, 2008). The Zetaproteobacteria are a recently described class of iron-oxidizing bacteria 
(Emerson et al., 2007), and a complex picture of biogeography has begun to emerge as they 
are found globally in an array of iron-rich environments including hydrothermal vent microbial 
mats from Iwo-Jima, Japan; Tutum Bay, Papua New Guinea; and the Mid Atlantic Ridge 
(Hoshino et al., 2016; Meyer-Dombard et al., 2013; Scott et al., 2015). Zetaproteobacteria have 
also been detected in hydrothermal borehole fluids (Kato et al., 2009a), continental subsurface 
water (Emerson et al., 2015), near shore estuaries (Mcbeth et al., 2013), estuarine oxygen 
minimum zones (E. K. Field et al., 2016), and non-venting deep continental margins (Rubin-
Blum et al., 2014). Recent studies hypothesize that Zetaproteobacteria are microbial ecosystem 
engineers because they have the genetic potential for the production of organic carbon and the 
capacity to shape the environment by producing exopolysaccharides, which in turn provide 
structure to the mats and can alter the local geochemistry (Chan et al., 2016b; Jesser et al., 
2015; Fleming et al., 2013; Meyer-Dombard et al., 2013). Due to the variability of the vent 
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effluent composition, the Mariana region also has sulfur-rich hydrothermal habitats. Sulfur- 
and hydrogen-oxidizing Epsilonproteobacteria have been detected in microbial mats and 
hydrothermal fluids as the primary lithotrophic drivers at these locations (Davis and Moyer, 
2008; Huber et al., 2010). 
 In addition to the observed large-scale variation across vent habitats, community 
structures can be can be examined on a spatial scale of centimeters within individual microbial 
mats. The reduction of spatial scale has received much attention in studies of soils and 
photosynthetic mats (Cordero and Datta, 2016; Fike et al., 2009; Harris et al., 2013; Houghton 
et al., 2014; Raynaud and Nunan, 2014), but only recently has high-resolution sampling of 
deep-sea hydrothermal mats been highlighted (Breier et al., 2012). Unlike easily accessible 
photosynthetic mats, microbial mats hundreds of meters deep are difficult to study on a fine 
scale due to the restrictions of sample collection with remotely operated vehicles. Systematic, 
fine-scale sampling of iron mats from Lō’ihi Seamount, Hawai’i has revealed differential 
abundances of functional genes and extracellular structures from visibly different mat 
morphologies (Fleming et al., 2013; Jesser et al., 2015). Further, microscopy studies of iron-
oxidizing bacteria reveal that cells are not evenly distributed in mats, but rather they develop 
into actively growing fronts (Chan et al., 2016b). These data confirm the importance of fine-
scale sampling of hydrothermal microbial mats, however, it remains unclear how measures of 
bacterial diversity change with respect to bulk- versus fine-scale sample collection. 
The Mariana Arc and back-arc hydrothermal vent microbial communities have been 
described with high microbial biodiversity using small subunit (SSU) rRNA gene clone 
libraries and community fingerprinting analyses (Davis and Moyer, 2008). Here we used high-
throughput, second generation SSU rRNA gene amplicon sequencing (Caporaso et al., 2012; 
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Pedrós-Alió, 2012) in an effort to comprehensively study and better understand the community 
structure of microbial mats along the Mariana Arc and back-arc. In this study, we further 
expand on the importance of sampling scale by juxtaposing the microbial diversity of mats 
collected with a fine-scale sampling device (e.g., biomat sampler) to more commonly used 
scoop samplers. These results provide novel insights into patterns of biogeography, ecology, 




Microbial mat collection occurred along the Mariana back-arc sites Snail and Urashima 
and the Mariana Arc at NW Eifuku and NW Rota-1 (Figure 1A) during R/V Roger Revelle 
cruise 1413 (11/29/2014 - 12/21/2014) with remotely operated vehicle Jason II. A total of 22 
samples were collected with either the biomat syringe sampler (Breier et al., 2012) (Figure 1F) 
or scoop sampler (Figure 1G, Table 1). Scoop samples were preserved in RNAlater® 
(ThermoFisher Scientific, Waltham, MA) at depth (LSc), or RNAlater® was added after the 
scoop was brought to the surface (Sc). All mats collected were stored at -80 °C upon processing 
until DNA extractions. Sample names consist of Jason II dive number (797 - 801) followed by 
biomat sampler cassette letter and individual syringe number(s) or the type of scoop and the 
scoop number (e.g., biomat sampler: 797B3 and scoop sampler: 797LSc1). Mats from three 
locations were collected with both biomat and scoop samplers to compare community diversity 
in relation to sampling technique. Vent effluent was collected with the hot fluid sampler (HFS) 
and analyzed as previously described (Butterfield et al., 2004). 
DNA extractions, amplification, and sequencing 
The FastDNA SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA) protocol was 
followed with the following modifications: 250 µl 0.5 M sodium citrate pH 5.8 was added in 
place of 250 µl of the sodium phosphate buffer. Lysis was performed with two rounds of bead 
beating for 45 s at a setting of 5.5 using the FastPrep instrument (MP Biomedicals) with 
samples being placed on ice between runs. DNA was eluted in 100 µl 1.0 mM Tris pH 8.0. 
Genomic DNA was quantified with a Quibit 2.0 fluorometer using the dsDNA HS kit 
(ThermoFisher Scientific). 
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The V3-V4 variable regions of the SSU rRNA gene were amplified via polymerase 
chain reaction (PCR) from all mat samples using bacterial primers 340F- 
CCTACGGGNGGCWGCAG and 784R- GGACTACHVGGGTATCTAATCC (Klindworth et al., 
2013) with overhang sequences on the 5’ ends (not shown) compatible with Illumina adapters. 
Triplicate PCRs were performed in 25 µl reactions with 2X KAPA HiFi HotStart ReadyMix 
(Kapa Biosystems, Wilmington, MA), 0.1 mM forward/reverse primers, and 25 ng template 
DNA. The following PCR conditions were used: 3 min at 95 °C; 25 cycles of 30 s at 95 °C, 
30 s at 55 °C, and 30 s at 72 °C; a final elongation of 5 min at 72 °C; and a hold at 4 °C. PCR 
products were pooled and purified using Agencourt AMPure XP beads (Beckman Coulter, 
Brea, CA) as per Illumina directed protocol (Part # 15044223 Rev. B; Illumina Inc., San Diego, 
CA). Illumina Nextera XT (Illumina Inc.) adapters with unique index combinations were added 
to each sample in a 50 µl PCR using 2X KAPA HiFi HotStart ReadyMix with the following 
conditions: 3 min at 95 °C; 8 cycles of 30 s at 95 °C, 30 s at 55 °C, and 30 s at 72 °C; a final 
elongation of 5 min at 72 °C; and a hold at 4 °C. Products were again purified with Agencourt 
AMPure XP beads as per protocol. Libraries were then quantified with a Qubit 2.0 fluorometer 
and size validated with a 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). 
Sequencing was performed on an Illumina MiSeq as per manufacture’s protocol generating 
2 x 300 bp paired-end reads. Sequence data are available through the National Center for 
Biotechnology Information (NCBI) Sequence Read Archive (SRA) study number SRP092903. 
Sequence processing 
Reads in which 75% of the base calls had a QScores below 30 were discarded from 
further analysis using FASTQ Quality Filter of the FASTX-Toolkit (http://hannonlab.cshl.edu/ 
fastx_toolkit/). Remaining sequences were processed using the mothur software package as 
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previously described (Kozich et al., 2013; Schloss et al., 2009). Briefly, after forming contigs 
from the paired-end reads, PCR primers were trimmed off and any sequence with a 
homopolymer greater than eight bases or any sequences with ambiguous base calls were 
eliminated from further processing. Reads were pre-clustered with the pre.cluster command 
with a threshold of four-nucleotide differences. Chimeras were removed with UCHIME (Edgar 
et al., 2011). Sequences were binned into operational taxonomic units (OTUs) based on 97% 
sequence similarity, and OTUs were classified to the genus level using RDP training set v.9 
(Wang et al., 2007). The program ZetaHunter (https://github.com/mooreryan/ZetaHunter) 
assigns sequences classified as Zetaproteobacteria to previously defined Zetaproteobacterial 
OTUs (zOTUs) (Kopylova et al., 2012; McAllister et al., 2011; Pruesse et al., 2012; Quast et 
al., 2013; Schloss et al., 2009). The most abundant read from each OTU classified as 
Zetaproteobacteria was assessed using ZetaHunter to further classify these OTUs for 
comparison to previous studies. 
Diversity and statistical analyses 
OTU bins at the level of 97% sequence similarity as determined with mothur were used 
in all downstream analyses. We subsampled to the number of reads in the least sequenced 
sample (54,803 reads) for calculation of Good’s coverage (Good, 1953), Chao-1 richness 
(Chao, 1984), non-parametric Shannon diversity (Chao and Shen, 2003), inverse Simpson 
diversity (Simpson, 1949), and Shannon evenness with the summary.single command. A Yue-
Clayton distance matrix was calculated (Yue and Clayton, 2005) and a community structure 
dendrogram was constructed in BioNumerics v.7.5 (Applied Maths, Sint-Martens-Latem, 
Belgium) using unweighted pair group method with arithmetic mean (UPGMA) including 
calculation of cophenetic correlations. Rarefaction curves were calculated using mothur based 
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on the number of observed OTUs per sample and 1000 iterations. Abundant OTUs were 
determined by selecting OTUs with > 1% of the total reads/sample in at least one sample. The 
vegan and gplots packages in R were used to visualize abundant OTUs belonging to the Zeta-, 
Epsilon-, and Gamma-proteobacteria with double hierarchical clustering based off Bray-Curtis 
dissimilatory matrices (Bray and Curtis, 1957). Implemented through mothur, a Metastats 
analysis was used to determine which of these OTUs had a significantly differential abundance 
(p < 0.05) between groups established by clustering hierarchy (White et al., 2009). To link 
community structure to select environmental factors we performed a canonical correspondence 
analysis (CCA) with the vegan package in R using proportions of reads for the abundant Zeta-, 
Epsilon-, and Gamma-proteobacterial OTUs and environmental concentrations for Fe, H2S, 
and H2 (Ter Braak, 1986). Analysis of variance (ANOVA) was used to test for statistical 















Microbial mats were collected from four active hydrothermal fields from both the 
Mariana Arc and back-arc. Sample collection locations and images depicting representative 
microbial mats are shown in Figure 1, and the general features of mats collected are described 
in Table 1. Snail, an on-axis back-arc site (Wheat et al., 2003), was characterized by thick 
orange mats with a black surface likely composed of manganese (Figure 1C). Urashima is an 
off-axis back-arc field approximately 5 km to the southeast of Snail characterized by tall 
chimney structures layered with flocculent orange microbial mat described previously (Toki 
et al., 2015; Nakamura et al., 2013). Golden Horn Chimney was the largest of these structures 
reaching 13 m high (Figure 1B). The arc seamount NW Eifuku included creamy, white mats 
in close proximity to liquid CO2 bubbling at Champagne Vent (Figure 1D) as well as yellow 
to orange mats located at Yellow Cone Markers 146 and 124 (Figure 1E and 1F). Yellow Cone 
had small, chimney-like structures formed from flocculent mat material, but no large 
mineralized chimneys such as Golden Horn were observed. The seamount NW Rota-1 was 
primarily dominated by thin white microbial mats comparable to those collected at Iceberg 
(Figure 1G); however, Olde Iron Slides had thin tuffs of yellow-orange mat as well 
(Figure 1H). The fluids collected in close proximity to microbial mats from Champagne and 
Iceberg are hereto referred to as sulfur-dominated; they had H2S:Fe values of greater than 
4000x that of the fluids collected amidst the flocculent, yellow to orange microbial mats, which 
were high in Fe and considered iron-dominated (Table 2). Fluids from Champagne also had a 
relatively high concentration of H2 compared to all other locations in this study. No fluid for 




Sequencing and community structure 
A total of 22 samples of microbial mats were collected and analyzed including 20 from 
locations with iron-dominated fluids including Snail, Urashima, NW Eifuku, and NW Rota-1. 
One mat sample was collected from Champagne and Iceberg respectively, where fluids were 
sulfur-dominated. In total 17,515,651 raw, paired-end sequences covering the V3-V4 regions 
of the SSU rRNA gene were generated. After quality filtering with mothur (Schloss et al., 
2009), 6,770,752 sequences remained. At a 97% similarity cutoff 62,520 OTUs were generated 
of which 162 were abundant with > 1% of the total reads in at least one sample. Of these OTUs, 
were 30 cosmopolitan taxa found across all iron-dominated mats. 
As seen in Figure 2, at the phylum level, all samples had a large abundance of the 
Proteobacteria with a majority of these reads belonging to the classes Zetaproteobacteria, 
Epsilonproteobacteria, and Gammaproteobacteria. Unclassified bacteria also made up a large 
portion of all communities. Both mats from Snail (797D156 and 797D234) contained > 50% 
unclassified bacteria whereas the average and standard deviation for all other samples was 
18.8 ± 9.5%. Other phyla found in notable abundance include Chloroflexi, Bacteroidetes, and 
Planctomycetes.  
The mat communities from iron-dominated fluids clustered together with the exclusion 
of the two mat communities from sulfur-dominated fluids (Figure 2). These two sulfur-
dominated communities also had low similarity to each other as determined by the Yue-
Clayton similarity measure. Cluster analysis revealed mixed clustering hierarchy among vent 
fields (Figure 2). However, when only comparing the 69 abundant Zeta-, Epsilon-, and 
Gamma-proteobacterial OTUs, the iron-rich mats formed three distinct clusters. One consisted 
of all the mats from NW Eifuku, and the other two were composed of Snail/Urashima mats 
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and NW Rota-1/Urashima communities (Figure 3). A Metastats analysis revealed that 33 of 
these OTUs had a significant difference (p < 0.05) in abundance among the three groups 
(Figure 3). 
Zetaproteobacterial phylotypes were detected in all flocculent, orange communities 
associated with iron-dominated fluids ranging from 4.1 - 44.3% (average ± standard 
deviation = 20.0 ± 10.9%) of the community composition. All Zetaproteobacterial OTUs were 
classified by RDP as the same genus, Mariprofundus, and the program ZetaHunter allowed for 
finer-scale OTU classification. All but two of the abundant Zetaproteobacterial OTUs fit into 
previously characterized zOTUs (McAllister et al., 2011). The two most abundant zOTUs 
(1 and 8) were found in all of the iron mat communities examined. Other zOTUs were endemic 
to one location; e.g., zOTU 20 was restricted to only Snail (Figure 3). Although detected (data 
not shown), no abundant OTUs were classified as zOTU 2 or 11. The two sulfur-dominated 
communities from Champagne and Iceberg had < 0.06% of the reads classified as 
Zetaproteobacteria. 
Epsilonproteobacteria were detected in every mat community, and the two sulfur-
dominated microbial mats from Champagne and Iceberg had the highest percent of reads 
belonging to Epsilonproteobacteria at > 77% (Figure 2). The Champagne mat was composed 
primarily of the genera Thioreductor and Lebetimonas (Figure 3). A single Thioreductor OTU 
represented nearly 53% of the total reads from the Champagne mat (Figure 3). The Iceberg 
microbial community was composed predominantly of the genera Sulfurimonas and 
Sulfurovum with 26% of the total reads assigned to a single Sulfurovum OTU (Figure 3). 
Epsilonproteobacteria were well represented in iron-dominated mats as well, where they 
comprised 0.4 - 28.5% (average ± standard deviation = 13.9 ± 9.3%) of the reads (Figure 2). 
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These abundant Epsilonproteobacterial OTUs present were also of the genera Sulfurovum and 
Sulfurimonas (Figure3). 
Gammaproteobacteria made up a large fraction of the community in iron-dominated 
mats as well. The Gammaproteobacteria range from 5.5 - 42.7% (average ± standard 
deviation = 17.4 ± 9.2%) of the reads in iron-dominated microbial mats, but they were found 
in low abundance (≤ 2.1%) in the sulfur-dominated mats (Figure 2). Of the 25 abundant 
Gammaproteobacterial OTUs, six belonged to the order Methylococcales and 18 could not be 
classified past the class level. Basic Local Alignment Search Tool (BLAST) searches of these 
unclassified Gammaproteobacteria indicated close relation to other environmental samples 
from marine hydrothermal environments (Supplemental Table 1) (Zhang et al., 2000; Morgulis 
et al., 2008). 
ANOVA on the CCA with the abundant Zeta-, Epsilon-, and Gamma-proteobacterial 
OTUs and environmental parameters pertaining to inorganic electron donors was significant 
(p = 0.005); 36.1% of the total variability in community structure was captured by CCA1 and 
CCA2 (Figure 4). All locations with iron-dominated fluids formed a tight grouping overlapping 
with the Zetaproteobacterial OTUs and all but two of the Gammaproteobacterial OTUs. The 
Sulfurovum/Sulfurimonas OTUs formed a diffuse group including the two remaining 
Gammaproteobacterial OTUs. Champagne and the four abundant Thioreductor/Lebetimonas 
OTUs constituted a distinct third cluster.  
Diversity estimates 
Calculation of alpha diversity metrics based on OTUs defined at 97% sequence 
similarity allow for comparisons among samples (Table 3). An average Good’s coverage 
of 0.98 indicated sufficient sequencing depth. The range and average values for Chao1 richness 
13 
 
estimator, non-parametric Shannon diversity, and inverse Simpson diversity metrics, 
respectively, were 1200 - 8220 (average ± standard deviation = 4646 ± 1673), 2.1 - 6.3 
(average ± standard deviation = 5.0 ± 1.0), 3.3-145.4 (average ± standard 
deviation = 50.0 ± 40.0) (Table 3). The iron-dominated mats all had greater richness, diversity, 
and observed number of OTUs when compared to the two sulfur-dominated mats.  
Scoops showed higher diversity than associated biomat samples. At three locations 
both scoops and biomat samples were taken in the same place: 797LSc1 corresponds with 
797B12 and 797B56, 798LSc1 corresponds with 798C346, and 800Sc8 corresponds with 
800B12456. All the scoop communities had higher values for observed OTUs, Chao1 richness, 
and non-parametric Shannon diversity than their corresponding biomat communities with the 
exception that 797B56 had the same value for the non-parametric Shannon metric as 797LSc1 
(Table 3). Rarefaction analysis also revealed higher richness in the mats collected with scoops 














Community structure comparisons 
Two distinct community types were identified based on the prevalent taxa. The first of 
these are the Zetaproteobacterial-dominated communities that were present only in association 
with the iron-dominated vent effluent. The second community type lacked Zetaproteobacteria; 
however, they had high levels of Epsilonproteobacteria and were found only in association 
with the sulfur-dominated fluids. These sulfur-dominated communities were present only at 
the Mariana Arc sites Champagne, NW Eifuku and Iceberg, NW Rota-1. Both community 
types contain an abundance of bacteria related to known lithoautotrophs to drive community 
primary production, and no mats were composed primarily of putative heterotrophic taxa as 
seen previously (Davis and Moyer, 2008). 
The majority of the microbial mats we examined were of the Zetaproteobacteria-
dominated community type and exhibited a high level of variability among the remaining 
community members (Figure 2). These Zetaproteobacterial-dominated mats were collected 
from all four dive locations (Table 1), and their respective community structure does not appear 
to correlate with location when all taxa are included (Figure 2). Only 18.5% of the abundant 
OTUs were found across all iron-dominated mats, which can lend explanation to the low Yue-
Clayton similarities and high beta diversity in community structure observed between mat 
communities (Figure 2). 
Biogeographic patterns emerged only when the variation of less abundant classes and 
the unclassified OTUs were removed from cluster analysis. The Zeta-, Epsilon-, and Gamma-
proteobacteria are often the lithotrophic drivers of hydrothermal microbial mats, were found 
in high abundance in the iron mats here, and are likely the most ecologically significant 
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members in these communities (Figure 2). With only the abundant OTUs belonging to the 
Zeta-, Epsilon-, and Gamma-proteobacteria, the Zetaproteobacterial-dominated mats of 
NW Eifuku all clustered together in one group (Figure 3). The two other groups are composed 
of communities from Snail, Urashima, and NW Rota-1, which are all relatively close to one 
another whereas NW Eifuku is hundreds of km north of these three vent fields (Figure 1A). 
These data support previous research showing community structure variability corresponding 
with vent location (Huber et al., 2010; Opatkiewicz et al., 2009). Although there were OTUs 
with significantly differential abundances among all three groups of iron-dominated mats as 
determined via Metastats (Figure 3), there were no genera unique to one grouping, which 
suggests that a common ecosystem function is shared between the abundant community 
members of the Zeta-, Epsilon-, and Gamma-proteobacterial OTUs in all iron-dominated mats 
of the Mariana Arc and back-arc. This indicates that local fluid geochemistry (e.g., sulfur- vs. 
iron-dominated) rather than large-scale geography is more influential in determining the 
bacterial community composition and function. 
Zetaproteobacteria 
All characterized Zetaproteobacteria strains are obligate iron-oxidizing lithoautotrophs 
belonging to the species Mariprofundus ferrooxidans (Emerson et al., 2007; Field et al., 2015; 
McAllister et al., 2011; McBeth et al., 2011). This class has been previously detected in 
flocculent mats from Urashima, Snail, and NW Eifuku (Davis and Moyer, 2008; Kato et al., 
2009b; Makita et al., 2016); in addition to these locations, we have identified 
Zetaproteobacteria at NW Rota-1, Olde Iron Slides. After years of documented eruptions from 
2004-2010 (Chadwick et al., 2008, 2014), it is possible the hydrothermal fluids are undergoing 
a transition from sulfur- to iron-dominated effluent at this location (Butterfield et al., 1997). 
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This geochemical succession is likely mirrored by a change in community structure that we 
are observing here as Zetaproteobacteria colonize a previously Epsilonproteobacteria-
dominated vent field. A more recent colonization can also lend explanation as to why the 
orange mats at Olde Iron Slides were thinner and patchier in comparison to Snail, Urashima, 
and Yellow Cone (Figure 1). 
Because all Zetaproteobacteria isolates belong to the same genus, RDP classifies each 
Zetaproteobacterial sequence as identical; however, this underrepresents the actual diversity 
of this class. To further resolve the taxonomic diversity of the Zetaproteobacteria, McAllister 
et al. (2011) focused on their biogeography throughout the Pacific Ocean and found zOTUs 
1 and 2 to be globally distributed, or cosmopolitan. In our study, zOTU 1 was found in 
relatively high abundance in all iron-dominated mats (Figure 3); however, zOTU 2 does not 
appear to be ecologically relevant though it was detected at low levels. Single cell amplified 
genomes from Lō'ihi Seamount show more genetic diversity in zOTU 1 than zOTU 2 (Field et 
al., 2015). Greater genetic diversity may give zOTU 1 a phenotypic advantage in the Mariana, 
where vent habitats are more heterogeneous than locations such as Lō'ihi Seamount, where 
zOTU 2 is most abundant (Field et al., 2015; McAllister et al., 2011). The presence of zOTUs 
3 and 4 in the Mariana raises their status to cosmopolitan across the Pacific. The higher depth 
of sequencing obtained here is probably responsible for their detection rather than a recent 
colonization event. The type strains of the Zetaproteobacteria belong to zOTU 11, which was 
not found to be abundant in any mat communities investigated (Figure 3). Therefore, the type 
strains are likely poor representatives of the most ecologically important and ubiquitously 
distributed zOTUs in the Mariana Arc and back-arc microbial communities. 
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The diversity of the Zetaproteobacteria has been under investigation due to their 
prominence and ecological importance in iron-rich hydrothermal habitats. Evidence suggests 
that Zetaproteobacteria function as ecosystem engineers because they are primary producers 
and change the physical and chemical characteristics of their environment (Chan et al., 2016b). 
In a comparison between the two community types, all the Zetaproteobacterial-dominated mats 
had higher microbial diversity than the Epsilonproteobacteria-dominated community types 
(Table 3). This increased biodiversity is potentially due to the Fe-oxyhydroxides produced by 
the Zetaproteobacteria. These extracellular structures (e.g., stalks and sheaths) are well 
documented from both isolates and naturally occurring microbial mats (Bennett et al., 2014; 
Chan et al., 2016b; Fleming et al., 2013; Makita et al., 2016). This high surface-area 
architecture can be colonized by an array of secondary consumers (e.g., Bacteroidetes, 
Chloroflexi, Gammaproteobacteria, and Planctomycetes) that were found to be present 
(Figure 2). 
Epsilonproteobacteria 
 The Epsilonproteobacteria have broad metabolic capabilities, but at hydrothermal vents 
they are typically represented by lithoautotrophic isolates utilizing sulfur compounds and/or 
H2 for energy (Campbell et al., 2006; Takai et al., 2005a). Epsilonproteobacteria were detected 
in all samples; however, there are two distinct types of Epsilonproteobacterial communities 
containing OTUs either from the genera Thioreductor/Lebetimonas or Sulfurovum/ 
Sulfurimonas. The sulfur-rich fluids at Champagne Vent were also high in H2 and supported a 
Thioreductor/Lebetimonas-dominated microbial mat. This was the only mat community 
composed of a high percentage of Thioreductor (Figure 3), which is represented with the type 
strain Thioreductor micantisoli (Nakagawa et al., 2005a). Cultured representatives in this 
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genus are mesophilic, strictly anaerobic, and utilize H2 as their electron donor and S
0 or NO3
- 
as electron acceptors (Nakagawa et al., 2005b). Champagne was the only mat community that 
also contained a high percentage of reads classified as Lebetimonas (Figure 3). The type strain 
for this group is Lebetimonas acidophila, also a strictly anaerobic H2-oxidizer and S
0-reducer 
(Takai et al., 2005b). Previous work found Thioreductor and Lebetimonas sequences in 
hydrothermal fluids sampled from NW Eifuku and NW Rota-1 as well as other Mariana Arc 
and back-arc vent fields (Huber et al., 2010). These two genera appear to be highly prevalent 
in fluids, but often rare in microbial mats. Abundances of Thioreductor/Lebetimonas OTUs 
were < 0.05% in all other mats. This is likely due to their metabolic requirement for H2, which 
strongly correlates with the concentration of H2 (Figure 4). The low diversity and evenness at 
the Champagne mat (Table 3) was due to the dominance of four putative H2-oxidizing OTUs 
accounting for 71.5% of the total reads. This indicates that H2 was likely the primary energy 
source for this microbial community. 
Epsilonproteobacteria found in the diffuse-flow, sulfur-dominated mat at Iceberg Vent 
contained abundant OTUs identified as Sulfurimonas and Sulfurovum. Type strain 
Sulfurimonas autotrophica is a strict aerobe oxidizing H2S, S
0, and S2O3
2- (Inagaki et al., 2004). 
Sulfurovum lithotrophicum also oxidizes S0 and S2O3
2- aerobically or anaerobically with NO3
- 
as a terminal electron acceptor (Inagaki et al., 2003). We also detected a high abundance of 
Sulfurovum and Sulfurimonas OTUs in Zetaproteobacterial-dominated mats in addition to iron-
oxidizing Zetaproteobacteria. Despite the low concentrations of H2S in iron-dominated mats, 
the Epsilonproteobacteria likely play an important role in biogeochemical cycling of carbon 





The Gammaproteobacteria were also present in high abundance in mats with iron-
dominated vent fluids, but the predicted metabolic potential is difficult to determine for the 
majority of them due to lack of classification beyond the class level. Six abundant 
Gammaproteobacterial OTUs classified as Methylococcaceae most likely obtain energy and 
carbon from methane (Gulledge et al., 2001; Hanson and Hanson, 1996). Methanotrophic 
Gammaproteobacteria in the order Methylococcaceae have been detected on the Mariana back-
arc and other hydrothermal systems previously (Brazelton et al., 2006; Kato et al., 2009b). The 
other classified OTU belongs to the heterotrophic genus Thalassomonas (Macián et al., 2001). 
The remaining unclassified Gammaproteobacterial OTUs are likely common at marine 
hydrothermal habitats as indicated by high similarity to environmental sequences obtained 
from hydrothermal vents (Supplemental Table 1). When these same OTUs are compared to 
isolated strains the top representatives are heterotrophic or have sulfur-oxidizing metabolisms 
(Supplemental Table 1). 
Globally, vent systems are rich in sulfur-oxidizing Gammaproteobacteria including 
free-living and invertebrate endosymbiont taxa (Nakagawa and Takai, 2008; Wirsen et al., 
1998). Known sulfur-oxidizing Gammaproteobacteria were present in low abundances in the 
mats in this study; e.g., six Thiomicrospira OTUs were detected, but the most abundant of 
these was only 0.18% of the total reads in sample 797B3 from Urashima. We hypothesize the 
abundant unclassified Gammaproteobacterial OTUs are predominantly heterotrophic 
(i.e., secondary consumers) in these Mariana, Zetaproteobacterial-dominated mats. In 
Figure 4, the Gammaproteobacterial OTUs generally do not share a similar distribution pattern 
with the Sulfurovum/Sulfurimonas or Thioreductor/Lebetimonas OTUs, which suggests they 
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do not have an energetic dependence on H2S or H2, respectively. There were, however, two 
Gammaproteobacterial OTUs (055 and 153) that do share a distribution pattern with the 
Sulfurovum/Sulfurimonas indicating a potential energetic dependence on H2S (Figure 4). 
Assuming the role of the unclassified Gammaproteobacteria in these habitats, however, must 
be done with caution because of the wide array of energy yielding metabolisms utilized by this 
phylogenetically diverse class (Williams et al., 2010). 
Sampling scale 
 In addition to a large geographic scale, we also compared communities of fine-scale 
biomat samples and bulk scoop samples taken from the same microbial mat on three occasions. 
Rarefaction analysis showed higher OTU richness in the scoop sample than in the 
corresponding biomat sample from all three mat communities (Figure 5). Observation of the 
high abundance OTUs in these sample pairings revealed differential OTU enrichment based 
on sample type (Supplemental Figure 1). The scoop and biomat pairing from NW Rota-1, Olde 
Iron Slides (800Sc8 and 800B12456) is a clear example where targeted, fine-scale sampling 
had an important effect on the measured microbial diversity and community structure. The 
biomat sampler specifically targeted thin, orange tuffs on the surface of the mat, and the scoop 
sampler was less discriminatory and collected underlying sediment as well as the orange and 
white microbial mats. Correspondingly, the biomat sample had over twice as many 
Zetaproteobacterial reads (Figure 2) and was enriched in zOTUs 1 and 8 (Supplemental 
Figure 1). The higher diversity and richness exhibited in scoops (Table 3, Figure 5) from the 
other two microbial mats (Snap-Snap, Urashima and Yellow Cone, NW Eifuku) is likely a 
result of sampling multiple microhabitats within these mats, e.g., oxygenated surface layers 
and microaerophilic to anoxic zones deeper in the architecture of the mat (Glazer and Rouxel, 
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2009). These data are similar to that of more accessible systems such as in photosynthetic 
microbial mats, where depth profiles have shown considerable changes in community structure 
at the millimeter scale (Harris et al., 2013). Sampling scale affected estimated bacterial 
diversity and should be considered in future assessments of hydrothermal microbial mat 
communities. 
Conclusion 
 This study offers insights into the community structure and biodiversity of 
lithotrophically-driven bacterial communities from iron- and sulfur-rich hydrothermal venting 
along the Mariana Arc and back-arc. SSU rRNA gene amplicon sequencing from 22 microbial 
mats in coordination with geochemical analysis indicates an important functional role of 
Zetaproteobacteria at all sites with iron-dominated vent effluent and Epsilonproteobacteria at 
sites with sulfur-dominated fluids. Gammaproteobacteria were also high in abundance within 
the iron-dominated mats and likely had a heterotrophic role as secondary consumers instead of 
primary producers. Although local geochemistry was the primary element that determined 
community structure, geographic patterns in OTU abundance were present in the iron-
dominated systems. Higher bacterial diversity was observed in Zetaproteobacterial-dominated 
mats, which supports previous findings indicating that they are ecosystem engineers enhancing 
community networking. We also found sampling scale and technique to be an important 
consideration for estimating microbial diversity in hydrothermal-vent associated microbial mat 
communities as bulk samples showed a greater diversity than fine-scale samples. The high 
diversity observed among and within microbial communities encourages further research into 
the ecology, metabolic potential, and biodiversity of microbial mats fueled by Mariana Arc 
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Figure 1. (A) Bathymetric map of the Mariana region with black circles designating dive 
locations. Representative photos of mat collection sites: (B) Golden Horn chimney at 
Urashima; (C) Marker 104 at Snail Vents; (D) Champagne Vents, (E) Yellow Cone Mkr 146, 
and (F) Yellow Cone Marker 124 at NW Eifuku; (G) Iceberg and (H) Olde Iron Slides at NW 
Rota-1. Images (F) and (G) include the biomat syringe sampler and an RNAlater® Scoop 




























































































































































































































































































Figure 2. OTU-based dendrogram with cophenetic correlation values at nodes and a scale bar 
representing percent similarity. Stacked bar graphs of community structure including 
Proteobacteria at the class level and other abundant phyla for 23 microbial mats from the 
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034 Epsilon; Nautiliales; Thioreductor
006 Epsilon; Nautiliales; Thioreductor
395 Epsilon; Nautiliales; Lebetimonas
022 Epsilon; Campylobacterales; Sulfurimonas
067 Gamma; Methylococcales; Methylobacter
075 Zeta; Mariprofundales; Mariprofundus; zOTU 35
033 Zeta; Mariprofundales; Mariprofundus; zOTU 13
025 Gamma; Methylococcales
011 Zeta; Mariprofundales; Mariprofundus; zOTU 6
063 Zeta; Mariprofundales; Mariprofundus; zOTU 4
016 Zeta; Mariprofundales; Mariprofundus; zOTU 10
005 Epsilon; Campylobacterales; Sulfurimonas
001 Epsilon; Campylobacterales; Sulfurovum
003 Zeta; Mariprofundales; Mariprofundus; zOTU 1
002 Zeta; Mariprofundales; Mariprofundus; zOTU 8
004 Gamma




484 Zeta; Mariprofundales; Mariprofundus; zOTU 9
076 Epsilon; Campylobacterales; Sulfurimonas
017 Zeta; Mariprofundales; Mariprofundus; zOTU 9
227 Epsilon; Campylobacterales; Sulfurovum
188 Gamma; Alteromonadales; Thalassomonas
200 Zeta; Mariprofundales; Mariprofundus; New zOTU 2
467 Epsilon; Campylobacterales; Sulfurospirillum
078 Gamma; Methylococcales; Methylobacter
172 Gamma; Methylococcales
114 Gamma
157 Zeta; Mariprofundales; Mariprofundus; New zOTU 1
201 Gamma; Methylococcales
043 Gamma
151 Zeta; Mariprofundales; Mariprofundus; zOTU 4
085 Gamma




070 Zeta; Mariprofundales; Mariprofundus; zOTU 13
065 Zeta; Mariprofundales; Mariprofundus; zOTU 5
042 Zeta; Mariprofundales; Mariprofundus; zOTU 31
161 Gamma
174 Epsilon
191 Zeta; Mariprofundales; Mariprofundus; zOTU 20




268 Epsilon; Campylobacterales; Sulfurovum
009 Gamma





021 Zeta; Mariprofundales; Mariprofundus; zOTU 3
019 Zeta; Mariprofundales; Mariprofundus; zOTU 14
015 Zeta; Mariprofundales; Mariprofundus; zOTU 1
054 Zeta; Mariprofundales; Mariprofundus; zOTU 27
012 Epsilon; Campylobacterales; Sulfurovum
010 Epsilon; Campylobacterales; Sulfurovum
024 Epsilon; Campylobacterales; Sulfurovum
008 Epsilon; Campylobacterales; Sulfurovum
108 Epsilon; Campylobacterales; Sulfurimonas
097 Epsilon; Campylobacterales; Sulfurovum
164 Epsilon; Campylobacterales; Sulfurimonas
130 Epsilon; Campylobacterales; Sulfurimonas
028 Epsilon; Campylobacterales; Sulfurovum










Figure 3. Heatmap of Zeta-, Epsilon-, and Gamma-Proteobacterial OTUs with a maximum 
abundance > 1% of reads in at least one sample. OTU number, class, family, and genus are 
displayed where sequences are classifiable. The zOTU classification is provided for the 
Zetaproteobacteria (McAllister et al., 2011). Square root transformed values of the percentage 
of total reads per sample are plotted. Three groupings of iron-dominated microbial mat 
communities are present: an Urashima/Snail group (Urash/Snail), an Urashima/NW Rota-1 
group (Urash/Rota), and a NW Eifuku group (Eifuku) are indicated with light, medium, and 
dark orange shading, respectively. Filled circles in the three columns left of the heatmap 
indicate a significant difference (p < 0.05) in OTU abundance with respect to pairwise 




Figure 4. CCA triplot of community structure in relation to selected environmental variables 
for 20 microbial mats from hydrothermal vents along the Mariana Arc and back-arc. Colored 
triangles represent abundant OTUs of the classes Zetaproteobacteria (n = 22) and 
Gammaproteobacteria (n = 25) and the genera Sulfurovum/Sulfurimonas (n = 18) and 
Thioreductor/Lebetimonas (inverted triangles, n = 4) of the Epsilonproteobacteria. Coordinates 
of mat collection sites are indicated with black circles. Percent of total variability explained by 




Figure 5. Rarefaction curves for OTUs at 97% sequence similarity with 95% confidence 
intervals for three locations where scoop and biomat samples were taken of the same microbial 
mats. 797LSc1 corresponds with 797B12 and 797B56 at Snap-Snap Vent, Urashima; 798LSc1 
corresponds with 798C346 at Yellow Cone Vent, NW Eifuku; 800Sc8 corresponds with 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































797D156 307131 3524 0.97 6208 6.3 145.4 0.76
797D234 176609 3409 0.97 5922 6.3 140.6 0.76
797B12 206039 1814 0.98 3249 4.7 28.7 0.62
797B3 366647 1500 0.99 3182 4.0 13.8 0.54
797B56 210604 2252 0.98 3938 5.2 42.0 0.67
797LSc1 582358 2644 0.98 5028 5.2 34.8 0.65
797C34 94770 2209 0.98 3585 5.2 35.1 0.67
801Sc8 125894 1915 0.98 3725 4.5 26.1 0.59
801X126 54806 2545 0.98 4298 4.6 17.1 0.58
801X345 63308 2905 0.97 8220 4.7 17.8 0.58
801LSc4 114835 1404 0.99 3060 3.8 17.1 0.51
798B123456 233627 504 0.99 1200 2.1 3.3 0.34
798LSc3 420287 2656 0.97 5991 5.6 80.9 0.70
798C346 379737 1756 0.98 3819 4.2 16.1 0.55
798LSc1 334615 2255 0.98 4840 5.4 62.7 0.69
799B156 348417 3091 0.97 5626 6.0 92.5 0.73
799D124 271779 1712 0.98 3316 4.9 43.6 0.65
799D3 1123677 2929 0.97 5918 5.6 61.9 0.70
799D56 92953 2606 0.98 4095 5.7 76.5 0.71
800LSc2 350113 1495 0.99 3028 3.4 8.7 0.46
800B12456 361680 3056 0.97 5813 5.3 33.1 0.64
800Sc8 374997 4466 0.96 8155 6.3 101.9 0.74





















































































































































































































































































































































































































































































































































































































































































































































































Supplemental Figure 1. Heatmap comparing bacterial OTU abundance at three different 
locations between scoop and biomat samples taken from the same microbial mats. OTUs with 
a maximum abundance > 2% in at least one of these seven samples are included with OTU 
number, phylum, class, and genus classifications. For Zetaproteobacteria, zOTU classification 
is also listed (McAllister et al., 2011). 797LSc1 corresponds with 797B12 and 797B56 at Snap-
Snap Vent, Urashima; 798LSc1 corresponds with 798C346 at Yellow Cone Vent, NW Eifuku; 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Terminal-restriction fragment length polymorphism (T-RFLP) is a community 
fingerprinting technique often used in conjunction with traditional clone libraries to elucidate 
microbial community structure. Although T-RFLP is widely applicable, studies using second 
generation sequencing platforms (e.g., Illumina MiSeq) have essentially saturated the field of 
microbial ecology. These newer technologies deliver much higher depth of sequencing than 
clone libraries and provide much greater resolution of community structure than T-RFLP alone 
(Pedrós Alió, 2012). Deep sequencing also identifies the rare community members that are 
undetected by both T-RFLP and clone libraries. 
We performed T-RFLP on 33 microbial mat communities from the Mariana Arc and 
back-arc to observe overall patterns in community structure. This first-pass analysis was then 
used to select 22 microbial mat communities for SSU rRNA gene amplicon sequencing with 
an Illumina MiSeq platform. The 22 mats were selected with the intent to represent the entirety 
of the diversity in community structure observed with T-RFLP. Second generation sequencing 
has become the standard technique for exploratory biodiversity surveys, but questions still 
remain about how these modern sequencing techniques compare to traditional fingerprinting 
methods. Here we briefly compare results of T-RFLP to second generation sequencing analysis 
from 22 microbial mats collected along the hydrothermally active regions of the Mariana Arc 
and back-arc. 
Methods 
T-RFLP was performed as previously described (Davis and Moyer, 2008). Briefly, 
PCRs were performed in triplicate to amplify the near full-length SSU rRNA gene using 
47 
bacterial 68F and 1510R primers. The forward primers were labeled on the 5’ ends with a 
fluorescent tag, 6-FAM. Reactions were pooled, purified, and split between eight restriction 
digests using Alu I, BstU I, Hae III, Hha I, Hinf I, Mbo I, Msp I, and Rsa I. Digested amplicons 
were then desalted using Sephadex G-75 columns (GE Healthcare, Little Chalfont, United 
Kingdom) and separated on an Applied Biosystems 3130xl Fragment Analyzer, (Applied 
Biosystems, Foster City, CA). Electropherograms were screened for quality on GeneMapper 
v.4 (ThermoFisher, Waltham, MA) and peaks between 50 and 500 bp were analyzed with
BioNumerics (Applied Maths, Sint-Martens-Latem, Belgium). Cluster analysis with 
cophenetic correlation coefficients was completed using unweighted pair group method with 
arithmetic mean (Appendix Figure 1). Dendroscope v.3 was used to construct a tanglegram to 
visually compare the community structure dendrogram from sequencing, as seen in Figure 2, 
to the dendrogram from T-RFLP (Appendix Figure 2). The congruence of these two techniques 
was calculated in BioNumerics by comparison of similarity matrixes that produced the 
dendrograms. 
Results and discussion 
The clustering hierarchy from sequencing and T-RFLP generally agree with each other 
(Appendix Figure 2). For example, in both dendrograms the Epsilonproteobacterial-dominated 
communities have low similarity to each other and the Zetaproteobacterial mats. The two mats 
collected from Snail had the highest observable similarity to each other in both cases. However, 
the average similarity of communities was much greater on the T-RFLP dendrogram as the 
two Snail communities showed 97% similarity while from the sequencing dendrogram they 
showed 80% similarity. Thus the congruence of these two techniques as calculated in 
BioNumerics is relatively low (25.5% similarity). This can likely be explained by the higher 
48 
sensitivity of sequencing. T-RFLP is best for capturing the diversity of the more abundant taxa, 
whereas sequencing is more influenced by the rare biosphere (Pedrós Alió, 2012). Sequencing 
will also distinguish between closely related OTUs with the same restriction sites. Although 
more information is provided from sequencing, T-RFLP allows for further comparisons of 
communities to a large Moyer lab database with over 650 entries and generally agrees with 

































































Appendix Figure 1. T-RFLP community structure dendrogram with correlation coefficients 
at the nodes and a percent similarity scale bar. Included here are 30 microbial mats and two 
samples taken from sulfide chimneys, 801CCC (Ultra-no-Chichi Chimney) and 797SSC 
(Snap-Snap Chimney). Sample names in blue designate the 22 microbial mat communities that 






































































































































Appendix Figure 2. A tanglegram of community structure dendrograms produced from 
T-RFLP (left) and SSU rRNA gene amplicon sequencing (right). Correlation coefficients are 
present at the nodes and a percent similarity scale is above each dendrogram. Lines are drawn 
connecting the same microbial mat community on each dendrogram. 
